b D-Cycloserine (DCS) is a broad-spectrum antibiotic that inhibits D-alanine ligase and alanine racemase activity. When Escherichia coli K-12 or CFT073 is grown in minimal glucose or glycerol medium, CycA transports DCS into the cell. E. coli K-12 cycA and CFT073 cycA mutant strains display increased DCS resistance when grown in minimal medium. However, the cycA mutants exhibit no change in DCS sensitivity compared to their parental strains when grown in LB (CFT073 and K-12) or human urine (CFT073 only). These data suggest that cycA does not participate in DCS sensitivity when strains are grown in a non-minimal medium. The small RNA GvcB acts as a negative regulator of E. coli K-12 cycA expression when grown in LB. Three E. coli K-12 gcvB mutant strains failed to demonstrate a change in DCS sensitivity when grown in LB. This further suggests a limited role for cycA in DCS sensitivity. To aid in the identification of E. coli genes involved in DCS sensitivity when grown on complex media, the Keio K-12 mutant collection was screened for DCS-resistant strains. dadA, pnp, ubiE, ubiF, ubiG, ubiH, and ubiX mutant strains showed elevated DCS resistance. The phenotypes associated with these mutants were used to further define three previously characterized E. coli DCS-resistant strains (316, 444, 
D -Cycloserine (DCS) is a broad-spectrum antibiotic produced by Streptomyces garyphalus, Streptomyces orchidaceus, and
Streptomyces lavendulae. DCS is a cyclic, structural analog of D-alanine that inhibits alanine racemase and D-alanine ligase activity (1, 2) . Inactivation of these enzymes results in a failure to produce mature peptidoglycan and an increased susceptibility to osmotic lysis. DCS is occasionally used as a second-line drug in the treatment of multidrug-resistant Mycobacterium tuberculosis infections (3, 4) .
DCS is not commonly used in chemotherapy regimens due to its adverse neurological side effects when administered at an effective dose (5) . Unfortunately, physicians are increasingly being forced to use drugs like DCS to combat antibiotic-resistant bacterial infections. The development of new drugs is in high demand. The continued characterization of drugs like DCS could play a pivotal role in the development of novel drugs. The identification of additional DCS targets and the characterization of additional DCS resistance mechanisms could contribute to the development of new drugs with novel targets that possess less adverse effects.
The Escherichia coli cycA gene codes for a permease that transports the antibiotic D-cycloserine and the amino acids ␤-/L-/Dalanine, glycine, and D-serine when grown in minimal glucose or glycerol media (6) (7) (8) (9) (10) . A mutation in the cycA gene in the E. coli K-12 and the uropathogenic E. coli (UPEC) CFT073 strains results in increased DCS resistance when grown in a minimal medium (6, 11, 12) . The resistance to and transport of DCS in a complex medium, like Luria Bertani (LB), or a biologically relevant medium, such as human urine, has not been reported for E. coli. As a result, the role cycA plays in the resistance to and transport of DCS in media other than a minimal medium is not defined. The goal of our research was to characterize DCS resistance in E. coli when grown in a non-minimal medium and to determine cycA's role in resistance and transport.
In E. coli K-12, the expression of cycA is regulated by the 206-base small RNA carried by gcvB. GcvB, in conjunction with the RNAbinding protein, Hfq, negatively regulates the expression of genes involved in the transport of amino acids, dipeptides, and oligopeptides (13) (14) (15) (16) (17) . Recently, Pulvermacher et al. determined in E. coli K-12 that GcvB negatively regulates cycA in an Hfq-dependent manner when grown in LB (18) . When grown in minimal glucose medium containing glycine, Hfq, in a GcvB-independent manner, negatively regulates cycA expression. Furthermore, they showed that when growth is monitored by optical density changes, an E. coli K-12 gcvB mutant strain lyses more frequently than the wild-type strain when grown in LB containing DCS. Their data suggest that GcvB interacts with the cycA 5= untranslated region (5= UTR) to decrease cycA expression.
Curtiss and colleagues were the first to characterize DCS resistance in E. coli (11) . They isolated three DCS-resistant E. coli strains, originating from the wild-type 289, via successive isolation (289¡316¡444¡453) by growing each strain in minimal glucose agar medium containing successively higher concentrations of DCS. They determined the DCS MIC for each strain in minimal glucose medium and the amino acids that antagonized DCS's negative effects, and they created a preliminary genetic map of the mutations in these strains. Russell further refined the location of the mutation in the 316 strain to the 83-min region of the K-12 chromosome and designated it cycA (12).
Wargel et al. utilized these strains in the characterization of the E. coli transport systems involved in the uptake of L-/D-alanine, glycine, and DCS (9, 10) . They performed DCS uptake experiments with 289 and generated a Lineweaver-Burk plot that displays a high-affinity (K m ϭ 4.2 ϫ 10 Ϫ5 ) and a low-affinity (K m ϭ 2.0 ϫ 10 Ϫ4 ) line segment (10) . These data suggest that E. coli K-12 possesses a high-and low-affinity DCS transport system. Similar biphasic uptake kinetics were seen in their Lineweaver-Burk plots generated from transport experiments in 289 when glycine and D-alanine are used as substrates (9, 10) . These data suggest that D-alanine, glycine, and DCS share the same transport systems in E. coli. Wargel et al. also performed DCS uptake experiments with 316 that show a loss of the high-affinity transport system (9) . These data suggest that cycA is the high-affinity transport system suggested in the uptake experiments with 289. From these data, they determined that the increase in resistance to DCS displayed by 316 when grown in minimal glucose medium is due to a decrease in DCS uptake. Their kinetic analyses of glycine and Dalanine uptake experiments performed with 444 and 453 show a loss of both the apparent high-and low-affinity transport systems in these strains. Since D-alanine, glycine, and DCS uptake experiments suggest that these molecules are transported through the same systems, these data indicate that the 444 and 453 strains have lost both DCS transport systems. The DCS low-affinity transport system remains unidentified.
In this study, the loss of cycA is shown to not affect E. coli DCS sensitivity when grown in LB (CFT073 and K-12) or human urine (CFT073 only). To further characterize DCS resistance in E. coli, the Keio K-12 mutant collection was screened to identify strains with an increased DCS resistance when grown in LB. Seven Keio mutant strains (mutated in dadA, pnp, ubiE to ubiH, and ubiX) were identified with increased DCS resistance. The further characterization of three K-12 DCS-resistant mutants (316, 444, and 453) isolated by Curtiss et al. was also performed in an attempt to identify genes involved in DCS transport (11) . Finally, due to the association of a dadA mutation with increased DCS resistance, a competition assay was performed between DCS and D-alanine for DadA activity. Table 1 contains a description of the plasmids and strains used in this study.
MATERIALS AND METHODS

Strains and plasmids.
Media and antibiotics. LB broth and LB agar mix (Difco) were used as complex media. MOPS medium [3-(N-morpholino) propanesulphonic acid] was used as a minimal medium with various carbon sources added as described below (25). Glycerol (43.4 mM) was used to grow overnight minimal medium cultures and perform DCS sensitivity assays. Sodium succinate (20 mM) was used to assay for growth with succinate as a carbon source. L-Alanine was added, to a final concentration of 5.6 mM, to MOPs glycerol minimal medium for D-amino acid dehydrogenase induction. Agar was added to the minimal medium to make plates to a final concentration of 1.5%. Pooled human urine was mixed, filter sterilized, and stored at 4°C. To make human urine agar plates, 3 parts heated (50°C) human urine was added to 1 part sterilized 6% agar water solution, mixed thoroughly, and poured immediately. Each plate used to assay for antibiotic sensitivity was poured to contain exactly 23 ml of media. Working stocks of DCS were made fresh each day by dissolving the antibiotic in double-distilled water (ddH 2 O) that was then filter sterilized with a 0.45-m filter. Erythromycin was dissolved in 100% ethanol to a final concentration of 40 mg/ml and then diluted in sterile ddH 2 O to make a working stock at a final concentration of 2.0 mg/ml. Other antibiotics used as needed were kanamycin (50 g/ml) and chloramphenicol (20 g/ml).
Genetic techniques. WAM4249, WAM4326, and WAM4372 strains were constructed using the -red method developed by Datsenko and Wanner (19) . To replace gcvB in BW25113 and CFT073, p0 primer (5=-CCGTTGAGCTTCTACCAGCAAATACCTATAGTGGCGGCTGT GTAGGCTGGAGCTGCTTCG-3=) and p4 primer (5=-GAGATGGTCGA ACTGGATCAGTAATTCGCGATCGCAAGGTATTCCGGGGATCCGT CGACC-3=), with pKD13 as a template, were used to generate the -red PCR fragment. To replace cycA in CFT073, p0 primer (5=-CCTGAACAA CACAGACAGGTACAGGAAGAAAAAAAACTGTGTAGGCTGGAGC TGCTTC-3=) and p2 primer (5=-AAAGCTGGATGGCATTGCGCCATC CAGCATGATAATGCGACATATGAATATCCTCCTTA-3=), with pKD4 as a template, were used to generate the -red PCR fragment. The kanamycin cassette was excised from WAM4249 by the Flp recombinase encoded by pCP20 (19) . Confirmation of a gene replacement with the kanamycin cassette and subsequent cassette removal were performed by PCR with primers flanking the gene of interest.
Antibiotic sensitivity assays. For the antibiotic disk diffusion assays, each strain was grown overnight at 37°C with shaking in the various liquid media. The next day, the cultures were diluted to approximately 10 7 CFU/ ml. A cotton swab was used to inoculate each agar plate. Sterile 6-mm (26) . Glycine accumulation assay. A modified version of the Anfora and Welch transport assay was used in this glycine uptake study (6) . Ten ml of the appropriate broth was inoculated with an overnight culture to a starting optical density at 600 nm (OD 600 ) of 0.03 and incubated at 37°C with shaking. When each culture reached an OD 600 of 0.3 to 0.4, 25.0 l of chloramphenicol (20 mg/ml) was added to each culture and placed on ice for 10 to 15 min. The cells grown in MOPs glucose media were washed twice in 1 volume of ice-cold survival buffer containing 50 g/ml of chloramphenicol. Cells grown in LB were washed twice in 1 volume of ice-cold LB containing 50 g/ml of chloramphenicol. The cells were then resuspended into 1 ml of their respective wash buffers containing 50 g/ml of chloramphenicol. A 50-l cell aliquot of each strain was removed and placed on ice to be used for a total protein assay (Bio-Rad, CA). A 350-l cell aliquot was then incubated at 37°C for 5 min. A 9.0-l aliquot of [ 14 C]glycine (0.1 Ci/mol, 1 mM) was then added to the cells and vortexed briefly. A 50-l aliquot was taken at designated times and added to 5 ml of MOPS-Tris buffer and vortexed briefly. The suspension was then filtered through a 0.45-m nitrocellulose membrane filter. The filters were then allowed to dry and were placed in a scintillation vial containing 3 ml of Biosafe counting cocktail. The radioactivity was assayed for each vial using a Beckman scintillation counter.
Quantification of bacterial growth. Measurements of bacterial growth kinetics were performed in a 24-well flat-bottom tissue culture plate (Costar) using a BioTek Synergy HT plate reader (BioTek, Vermont). Approximately 10 7 CFU (OD 600 of 0.03) was inoculated into 1 ml of LB broth. Cultures were incubated at 37°C with continuous fast shaking. The OD 600 was measured every 30 min for 8 h.
D-Alanine dehydrogenase assays. A modified version of the D-amino acid dehydrogenase assay described by Wild et al. was used (27) . A brief description of the cell preparation and assay procedure are included below.
To induce dadA expression, each strain was grown overnight at 37°C with shaking in MOPS glycerol broth containing 5.6 mM L-alanine. The next day, 1 ml of culture was washed in an equal volume of 0.01 M phosphate buffer (PB), pH 7.4. The cells were resuspended in 0.1 M PB, pH 7.4, and placed on ice for 5 min. A 10-l aliquot of cells was taken for a total protein assay and 20 l of toluene was added to the remaining cells, which were then mixed for 30 s and placed on ice for 20 min. A 40-l aliquot of toluenized cells was added to 960 l of prewarmed 0.1 M PB, pH 7.4, containing 20 mM D-alanine and incubated for 30 min at 37°C. After 30 min of incubation, 0.25 ml of 2,4-dinitrophenylhyrazine (0.17 mg/ml in 1.2 N HCl) was added and the mixture was incubated at room temperature for 15 min. One ml of a 2.5 N NaOH solution then was added, and the mixture was incubated for 10 min. The OD 520 was then measured.
The Bio-Rad protein assay was used to determine the total amount of protein in each DadA assay. To a 10-l cell aliquot, 1 l of popculture reagent (Novagen) was added, and the mixture was incubated at room temperature for 10 min to lyse the cells. A standard curve was generated using bovine serum albumin. DadA units of activity were represented as OD 520 /h/mg of total protein.
Competition assays for DadA activity were performed with toluenized cells. The reactions were set up as outlined above, but 1 mM instead of 20 mM D-alanine was used. Also, DCS at various concentrations was added to the prewarmed PB/D-alanine solution prior to the addition of the toluenized cells. Care was taken to make sure each reaction was allowed to progress for the same amount of time.
Succinate utilization. Strains were grown overnight at 37°C with shaking in MOPS glycerol. The next day, each strain was streaked onto MOPS succinate minimal medium agar plates and incubated for 24 h at 37°C. The ability of a strain to utilize succinate was considered positive if it could produce colonies after overnight incubation.
RESULTS
A comparison of the DCS sensitivity phenotypes of E. coli cycA strains when grown in minimal versus complex media. CycA was originally identified by selection for DCS-resistant mutants when grown on a minimal glucose medium (11) . However, the DCS sensitivity of E. coli when grown in a non-minimal medium and the possible role of cycA in that sensitivity was not investigated. Therefore, to further characterize this phenotype, DCS sensitivity was tested by antibiotic disk diffusion when grown in minimal glycerol and non-minimal media. This was done by comparing the sensitivity of the laboratory E. coli K-12 (BW25113) and UPEC CFT073 wild-type strains to their respective cycA mutants when grown in a MOPS minimal glycerol medium, LB medium, and human urine (CFT073 only). As expected, compared to the UPEC wild-type strain CFT073, a CFT073 cycA mutant (WAM4249) possessed an increased DCS resistance phenotype similar to that of the E. coli K-12 cycA mutant (WAM4324) when grown in a MOPS minimal glycerol medium (Table 2 ). Compared to their respective wild-type strains, when grown in MOPs glycerol agar plates WAM4249 and WAM4324 displayed a 4-and 5-fold increase in the diameter of growth inhibition to DCS. The cycA trans-complementation of the cycA mutation in the CFT073 cycA (WAM4249) and BW2513 cycA (WAM4324) mutant strains restored DCS sensitivity to wild-type levels while the strains carrying the vector only (WAM4290 and WAM4418) did not.
Surprisingly, the DCS sensitivity of CFT073 and BW25113 in LB medium was unaltered compared to those of their respective cycA mutant strains (Table 2 and 3 ). WAM4291 and WAM4420 or CFT073 cycA and BW25113 cycA, respectively, each contained a plasmid copy of cycA (pcycA) constitutively expressed from the plasmid's kanamycin cassette promoter. The constitutive expression of the cycA gene in CFT073 cycA/pcycA (WAM4291) and BW25113 cycA/pcycA (WAM4419) mutant strains did not increase the DCS sensitivity levels above the levels observed for the cycA mutant strains containing the vector only (WAM4490 and WAM4418) or their respective wild-type strains (Table 2 and 3) . In addition, the wild-type K-12 and CFT073 strains were transformed with pcycA and assayed for DCS sensitivity when grown in LB. These strains also did not display an increase in DCS sensitivity compared to their respective strain carrying the vector only (data not shown).
To determine if cycA was involved in DCS sensitivity in a biologically relevant growth medium for UPEC, CFT073 and the CFT073 cycA (WAM4249) mutant strain were assayed for DCS sensitivity when grown in human urine agar plates (Table 2) . CFT073 and the CFT073 cycA mutant strain displayed the same levels of sensitivity to DCS. Also, the CFT073 cycA/pcycA (WAM4291) strain did not display an increase in sensitivity to DCS compared to the CFT073 cycA/pACYC177 (WAM4290) strain.
These results suggest that cycA does not play a role in DCS transport when E. coli is grown in a complex or biologically relevant medium but does so only when the bacteria are grown in a minimal medium where a simple carbon source like glycerol is available. These data also suggest that cycA does not play a role in DCS sensitivity when uropathogenic E. coli resides in the urinary tract.
We hypothesize that cycA does not affect E. coli's sensitivity to DCS when grown in a non-minimal medium because of either negative regulation of cycA expression or competition from other CycA substrates present in LB and human urine for transport through CycA. To test this hypothesis, an investigation into whether the negative regulation of cycA affects E. coli's DCS sensitivity was performed.
E. coli K-12 and CFT073 gcvB mutants do not display an increase in sensitivity to DCS. Pulvermacher et al. recently determined in E. coli K-12 that GcvB, in conjunction with Hfq, negatively regulates cycA expression when grown in LB broth (18) . By optical density measurements, they showed that a K-12 gcvB strain (GS1144) lyses earlier and more completely than the parent strain (GS162) when grown in LB containing DCS.
K-12 strains GS162 and GS1144 (GS162 mutated in gcvB) were kindly provided by George Stauffer and tested for DCS sensitivity by antibiotic disk diffusion assay when grown in LB plates (Table 3 ). The gcvB mutants in both the CFT073 (WAM4326) and BW25113 (WAM4372) background strains were also examined for DCS sensitivity when grown in LB. None of these gcvB mutant strains showed an increased sensitivity to DCS compared to their respective parent strain (Table 3) . Compared to CFT073, the CFT073 gcvB mutant strain also did not show an increase in DCS sensitivity when assayed on human urine plates (data not shown).
The MICs for each of the gcvB mutants and their respective wild-type strains were also determined. The BW25113 gcvB and CFT073 gcvB mutant strains displayed higher DCS MICs than their parent strains, while the GC162 gcvB mutant strain displayed the same MIC as its parent strain.
These data suggest that the increased expression of CycA, due to the lack of repression by GcvB, did not result in increased DCS sensitivity. These data suggest that CycA did not transport DCS due to competition from other CycA substrates present in LB and human urine. To test this hypothesis, we determined K-12's ability to accumulate a radiolabeled analog of DCS, glycine, in complex media.
The accumulation of DCS in a K-12 cycA mutant and wildtype strain are similar when assayed in complex media. The acquisition of radiolabeled DCS was not cost-effective at the time of this study. As a result, the characterization of DCS accumulation in E. coli when grown in complex media was not possible. Fortunately, previous studies have shown that the affinities of CycA for glycine, D-alanine, and DCS were similar when assayed in a minimal medium (9, 10). As a result, the accumulation of [
14 C]glycine in a BW25113 cycA mutant strain and its respective wild-type strain when grown in complex and minimal medium was determined ( Fig. 1) . The 30-s initial velocities of wild-type and cycA mutant strains in MOPs glucose medium were 240 (Ϯ48.7) ϫ 10 Ϫ6 and 35 (Ϯ20.8) ϫ 10 Ϫ6 mol/mg, respectively. This ϳ7-fold difference in glycine accumulation supports previously published observations of CycA's role in glycine accumulation (9, 10) . The 30-s initial velocities of the wild-type and cycA mutant strains when assayed in LB medium were 4.7 (Ϯ0.8) ϫ 10 Ϫ6 and 3.1 (Ϯ0.2) ϫ 10 Ϫ6 mol/mg. Although the glycine accumulation rates are similar when assayed in LB medium, the wild type dis- a DCS sensitivity was determined by antibiotic disk diffusion assay. A 10-l aliquot from a 24.5 mM solution of DCS was added to each disk. Each data point represents the average zone of growth inhibition and the resulting standard deviations from three experimental replicates. b Andrew's microdilution method was used to determine the DCS MIC for each strain (26) . The MIC for each strain was determined in LB broth. The MIC was reported as the median from three experimental replicates performed for each strain.
plays a 1.5-fold higher accumulation rate compared to that of the cycA mutant. The wild-type strain displayed a 51-fold decrease in glycine accumulation when assayed in LB versus MOPS glucose medium, showing the negative effect a rich medium has on glycine accumulation. When comparing the cycA mutant's glycine accumulation in MOPS glucose medium to that of the wild-type and mutant strains assayed in LB medium, the mutant displayed a 7-and 11-fold increase, respectively, in glycine accumulation. The increase in glycine accumulation of the cycA mutant when assayed in a minimal medium versus complex media supports previously published observations of an additional glycine accumulation mechanism in E. coli K-12 (9, 10). These glycine accumulation data suggest that DCS is not transported in complex medium due to either the negative regulation of CycA in complex media or as the result of additional CycA substrates (i.e., D/␤/L-alanine, glycine and D-serine) present in the complex media outcompeting DCS for transport through CycA. To determine whether additional CycA substrates are outcompeting DCS for transport through CycA, competition assays were performed.
The presence of glycine and D-alanine decreases E. coli CFT073's and K-12's sensitivity to DCS. Free glycine and D-alanine are found in significant quantities in human urine (28) (29) (30) (31) (32) . Both of these amino acids are CycA substrates and are potential competitors for DCS transport through CycA. As a result, the capability of glycine or D-alanine to decrease CFT073's and K-12's DCS sensitivity when grown in MOPS glycerol agar plates was determined. DCS sensitivity was tested by antibiotic disk diffusion assay with a series of disks impregnated with the same amount of DCS but with an increasing amount of glycine or D-alanine (Table  4) . For CFT073, a 10:1 ratio of glycine or D-alanine to DCS was necessary for the elimination of DCS sensitivity. For K-12, a 100:1 ratio of glycine or D-alanine to DCS was necessary to eliminate sensitivity to DCS. These data show that glycine and D-alanine can successfully antagonize DCS's effects on CFT073 and K-12 in MOPS glycerol agar plates.
These data show that cycA does not affect E. coli's sensitivity to DCS in LB or human urine. This does not appear to be due to negative regulation by GcvB but is the result of competition from other CycA substrates present in human urine and LB. Our data suggest that cycA does not play a role in DCS transport or resistance when E. coli was grown in a non-minimal medium. As a result, the Keio E. coli mutant strain collection was screened to determine the genes involved in DCS transport and resistance under complex medium growth conditions.
The identification of Keio strains that have increased resistance to DCS. The Keio collection contains approximately 4,000 E. coli strains, each with a kanamycin gene cassette replacement of a different nonessential gene (20, 33) . This collection of strains was screened for growth on LB agar plates containing 25 g/ml of DCS. Seven mutants with increased resistance to DCS were iden- The MIC for each strain was determined in LB broth as described in the text. Three experimental replicates were performed for each strain. c Generation (Gen) times determined during growth in LB broth. Two experimental replicates were performed for each strain and averaged. Generation times for each strain were extrapolated from the log phase of each strain's growth curve.
tified (Table 5 ). To minimize the complications of potential secondary-site mutations, each mutation was moved into a clean K-12 background via P1 transduction and retested for DCS sensitivity by antibiotic disk diffusion assay on LB plates (data not shown). All seven of the Keio strains displayed a significant increase in resistance to DCS compared to the wild-type strain.
Complementation of the pnp, dadA, ubiF, ubiG, and ubiH mutant strains to their respective wild-type allele in trans resulted in an increase in DCS sensitivity similar to that of the wild type (data not shown). The MIC for DCS was determined in LB broth for each of the seven strains (Table 5 ). The different ubi mutant strains showed the highest level of resistance to DCS compared to the other mutants. While testing the MICs for each of these strains, some of the Keio mutants were observed to have different degrees of growth attenuation in LB broth. To determine if the DCS resistance was due to the different growth rates, the generation time for each Keio mutant was determined and compared to their MICs (Table 5) . Although some strains (mutated in dadA, pnp, ubiE, ubiF, or ubiG) showed a correlation between resistance and generation times, some strains (mutated in ubiH or ubiX) strains did not, which suggest that the resistance is not due to growth rate differences. This is the first study to show that a mutation in genes involved in alanine catabolism, ubiquinone and menaquinone synthesis, and RNA processing results in an increase in E. coli DCS resistance. The E. coli DCS-resistant strains from the Curtiss et al. study (11) were characterized to determine if these strains contained a mutation in one of the genes identified in the Keio screen. Since DCS transport was characterized in these strains, the identification of a mutation in one of the genes identified in the Keio screen would aid in our understanding of DCS resistance and transport in E. coli.
Characterization of two E. coli DCS-resistant mutants defective in D-cycloserine transport (316 and 444). In 1965, Curtiss et al. were the first to report DCS resistance in E. coli K-12 (11). They isolated three DCS-resistant E. coli strains, originating from the wildtype 289, via successive isolation (289¡316¡444¡453) by growing each strain on minimal glucose plates containing successively higher concentrations of DCS. Wargel et al. determined that 316's increase in DCS resistance when grown in a minimal glucose medium is due to a decrease in DSC transport resulting from a mutation in cycA (9) . They also showed, with additional transport experiments performed with 444 and 453, that these strains do not transport DCS through CycA or through a second uncharacterized transport system (9) . The strains show an association between DCS resistance and transport such that a decrease in DCS transport results in an increase in DCS resistance. The further characterization of DCS resistance in these strains will give a better understanding of DCS transport in E. coli.
The strains were assayed by antibiotic disk diffusion when grown in MOPS glycerol and LB medium to determine each strain's DCS-resistant phenotype. The following phenotypes are associated with the DCS-resistant Keio strains: inability to utilize succinate as a carbon and energy source (ubi mutants), increased erythromycin sensitivity and generation time (pnp mutants), and the inability to degrade D-alanine (dadA mutants). Each strain was assayed for these phenotypes to determine if they contained a mutation in one of the seven genes identified in the Keio screen. The results of these assays are presented in Table 6 .
The magnitude of DCS sensitivity for 289 and 316 showed levels of sensitivity similar to those of the BW25113 strain and BW25113 cycA mutant strain when assayed by antibiotic disk diffusion in MOPS glycerol and LB plates (Tables 2 and 6 ). These data support Wargel et al.'s conclusion that cycA is mutated in 316 (9). Because 444 and 453 were derived from 316, these strains should also contain the same cycA mutation. The cycA genes from 289, 316, 444, and 453 were PCR amplified and sequenced, and their nucleotide sequences were compared to the K-12 (MG1655) cycA sequence. The cycA gene from 289 was identical to the MG1655 sequence, while the cycA genes from 316, 444, and 453 all contained an identical 19-bp deletion (bp 930 to 949). This mutation was predicted, via in silico translation, to cause a nonsense mutation at amino acid 342 of the 470-aminoacid protein. Complementation of the 316 cycA allele with a wild-type cycA allele in trans resulted in an increase in DCS sensitivity similar to that of the wild type (data not shown).
Ubiquinone mutants are unable to utilize nonfermentable substrates as a carbon source and thus are unable to grow in a MOPS minimal succinate medium (34) (35) (36) (37) . All three mutant (Table 6 ). These data suggest that the strains do not contain a mutation in the genes responsible for ubiquinone biosynthesis. E. coli pnp mutant strains display longer generation times (45 to 60 min) than their parents when grown in LB and possess increased sensitivity to the antibiotics nitrofurantoin, rifampin, spectinomycin, chloramphenicol, and erythromycin (38, 39) . The generation times for all of the strains were calculated to be ϳ33 min when grown in LB broth. These generation times are more similar to that of BW25113 (ϳ35 min) than the Keio pnp mutant (ϳ47.3 min). Compared to the pnp mutant, all four strains and BW25113 were less sensitive to erythromycin when assayed by disk diffusion on LB plates (Table 6 ). These data suggest that the strains, particularly 444 and 453, contain a functional pnp gene. This was also confirmed by DNA sequence analysis of the pnp gene in each strain (data not shown).
E. coli dadA strains are unable to catabolize D-alanine into ammonia and pyruvate (40, 41) . DadA activity was assayed in the selected Keio mutants and strains (Table 6 ). BW25113, the BW25113 pnp mutant, 289, and 316 strains all possessed similar DadA activity levels, while 444, 453, and the Keio dadA mutant strain did not. The dadA genes from 289, 316, 444, and 453 were PCR amplified, sequenced, and compared to the MG1655 dadA gene sequence. The MG1655, 289, and 316 dadA nucleotide sequences were 100% identical, while the dadA nucleotide sequences from 444 and 453 contained a 57-bp insertion after bp 1138 of the 1,299-bp gene. When translated in silico, the 57-bp insertion is predicted to result in an in-frame insertion of 19 amino acids after amino acid 371 of the 432-amino-acid DadA protein. Complementation of this dadA allele in 444 and 453 with a wild-type dadA allele in trans resulted in an increase in DCS sensitivity similar to that of the wild type (data not shown). These data indicate that dadA was one of the additional mutations in 444 and 453.
An attempt was made to identify the third mutation in 453 that was responsible for this strain's higher DCS resistance when grown in a minimal glycerol medium. The genes that encode known DCS-sensitive enzyme targets, the alanine racemases (alr and dadX) and the D-alanine ligases (ddlA and ddlB), were PCR amplified from the 453 chromosome, sequenced, and compared to the respective MG1655 gene sequences. In addition, 600 to 800 bp upstream of each of these genes in 453 was analyzed in the same manner. The sequence comparison of all four genes and their promoter regions from 453 were identical to the MG1655 gene sequences. These data suggest that the increase in 453 DCS resistance is not due to a mutation in the alanine racemase or the D-alanine ligase genes or their putative promoter regions (data not shown).
The 444 and 453 strains are the second instance in this study in which a mutation in dadA has been associated with DCS resistance in E. coli. As a result, the mechanism behind this phenotype was further characterized.
D-Cycloserine competes with D-alanine for DadA activity. As mentioned previously, DCS is a structural analog of D-alanine that inhibits alanine racemase and D-alanine ligase activity (1, 2) . To determine if DCS can antagonize E. coli DadA activity, a series of competition assays were performed with BW25113 toluenized cells to determine if DCS can compete with D-alanine for DadA activity. As the concentration of DCS is increased, the rate of D-alanine degradation decreased (Fig. 2) . These data suggest that DCS can antagonize the degradation of D-alanine by DadA.
DISCUSSION
The DCS resistance and transport studies performed by Curtiss et al. and Wargel et al. identified and characterized the role of CycA in the resistance and transport of DCS in E. coli when grown in a simple defined minimal glucose medium (9, 11) . Neither of these studies characterized the effect of CycA on DCS resistance or transport in a complex medium. In this study, we confirmed observations that showed that an E. coli cycA mutant is more resistant to DCS than the wild-type parent when grown in a minimal medium (Table 2 ). These data support Wargel et al.'s conclusion that E. coli transports DCS through CycA when grown in a minimal glucose or glycerol medium (9) . In this study, we also showed that compared to a wild-type strain, a cycA mutant strain did not display an increase in sensitivity when assayed by antibiotic disk diffusion and grown in complex media (i.e., LB) or a biologically relevant medium (i.e., human urine). These data suggest that E. coli does not transport DCS through CycA when grown in a complex or biologically relevant medium.
The lack of DCS transport through CycA could be the result of negative regulation of cycA when grown in LB or human urine. The results of Pulvermacher et al. suggest that when the E. coli K-12 strain GS162 is grown in LB, the small RNA (sRNA) encoded by gcvB, in conjunction with Hfq, interacts with the cycA 5= UTR, which results in the negative regulation of cycA (18) . The GS162 gcvB mutant strain lysed at an earlier time point than the parent when growth in LB broth containing DCS was measured by changes in optical density (18) . Our results indicate that the loss of gcvB did not affect DCS sensitivity when an E. coli mutant and its respective parent were assayed by disk diffusion on LB agar medium (Table 3 ). Our data suggest that the increase in cycA expression due to the lack of gcvB repression does not result in increased DCS sensitivity.
The DCS sensitivity of the gcvB mutants tested in this study varied (Table 3 ). The CFT073 and BW25113 gcvB mutant strains displayed similar sensitivities to DCS relative to their respective wild-type parents when tested via disk diffusion, but these mutants displayed an increased MIC compared to the wild type. The GS162 gcvB mutant strain, on the other hand, displayed the same MIC and similar DCS sensitivities when assayed by disk diffusion. In addition, the GS162 gcvB mutant strain did not show an increased sensitivity to DCS as observed by Pulvermacher et al. These variable results may be due to the different techniques used to assay DCS sensitivity and pleiotropic effects of a gcvB mutation in different E. coli strains.
The recombinant plasmid pcycA was used to complement the K-12 and CFT073 cycA mutant strains. This plasmid has the CFT073 cycA gene cloned downstream of the kanamycin resistance gene in the vector pACYC177. The location of the cycA gene in pACYC177 allows for the constitutive expression of cycA from the kanamycin resistance gene (APH promoter). In addition, this vector construct lacks the cycA 5= UTR, which is the region regulated by GcvB. Expression constructs lacking the cycA 5= UTR result in increased cycA expression when grown in LB (18) . The presence of pcycA in the different cycA mutant backgrounds did not confer increased sensitivity to DCS compared to those strains with the pACYC177 vector when grown in LB or human urine (Table 2 ). In addition, when grown in LB, the presence of pcycA in wild-type CFT073 and BW25113 backgrounds also did not confer an increase in sensitivity to DCS compared to that of these strains with the vector only (data not shown). These data suggest that the overexpression of cycA does not affect E. coli's sensitivity to DCS when grown in LB medium.
Pulvermacher et al. studies of cycA regulation show that even though GcvB negatively regulates CycA expression 2.5-fold when E. coli K-12 is grown in LB, CycA is still expressed when this strain is grown in complex media (18) . Along with the results of our DCS sensitivity assays, these data suggest that the lack of DCS transport in E. coli through CycA is not due to the negative regulation of cycA. We hypothesize instead that the lack of DCS transport through CycA most likely is due to competition from other CycA substrates present in LB and human urine. CycA is capable of transporting D/L/␤-alanine, D-serine, glycine, and DCS (6) (7) (8) (9) (10) . Uptake experiments performed on E. coli CFT073 show that glycine and D-alanine are capable of outcompeting D-serine for transport through CycA (6) . Our data showed that glycine and D-alanine are capable of antagonizing DCS's antibiotic effect on E. coli when grown in MOPS glycerol medium (Table 4 ). In addition, the [ 14 C]glycine accumulation experiments performed in this study showed antagonism of glycine uptake when an E. coli K-12 wildtype strain was assayed in complex media (Fig. 1) . LB is rich in oligopeptides derived from the proteolytic digest of casein (tryptone) and yeast extract (Saccharomyces cerevisiae) (42) . Estimates on the amounts of L-alanine and glycine in LB are 0.5 and 0.3 to 1.35 mg/ml, respectively (43) . The amount of these two amino acids present as free amino acids is unknown. The major organic components of human urine include urea, uric acid, and creatinine (44) . Free amino acids are also present in urine, including all of the known amino acid substrates of CycA in the following concentration ranges: L-alanine (0.26 to 9.1 g/ml) (28-30), ␤-alanine (0.2 to 1.0 g/ml) (45), D-serine (1 to 39 g/ml) (28, 30, 46) , D-alanine (0.004 to 7.5 g/ml) (28) (29) (30) , and glycine (0.34 to 7.5 g/ml) (31, 32) . The presence of CycA substrates in human urine, and possibly LB, suggests E. coli most likely does not transport DCS through CycA due to substrate competition. To further characterize DCS resistance and transport in complex media, the Keio mutant collection was screened to identify gene deletions that allow for growth in increased concentrations of DCS. Seven Keio strains (dadA, pnp, ubiE, ubiF, ubiG, ubiH , and ubiX mutant strains) were identified that could form colonies on LB plates after 16 to 18 h at 37°C containing 25 g/ml of DCS.
The pnp gene encodes the phosphorylase Pnpase, which is involved in the processing and degradation of RNA. In vivo, Pnpase functions primarily as a 3= to 5= exonuclease responsible for the processive degradation of single-stranded RNA. Pnpase can also act as a polymerase in vivo in an E. coli mutant lacking the major RNA polyadenylating enzyme, PAP I. This activity involves the addition of heteropolymeric tails to the 5= end of single-stranded RNA (47) (48) (49) . While Pnpase consists of a homotrimer primarily found unassociated with other proteins, approximately 10 to 20% of the Pnpase molecules do associate with the RhlB RNA helicase, the glycolytic enzyme enolase, and the endoribonuclease RNase E in a complex designated the RNA degradosome (50) (51) (52) (53) . Pnpase is also involved in the processing and degradation of mRNA, rRNA, tRNA, and sRNA (54, 55) .
Pnpase is a pleiotropic regulator, and a K-12 pnp mutant strain displays multiple phenotypes compared to the wild-type strain. Previously reported phenotypes of K-12 pnp mutants are longer lag and generation times when grown in LB (56), increased sensitivity to a broad spectrum of antibiotics (38, 57) , and growth attenuation at low temperatures (58) . In addition, median mRNA steady-state levels and half-lives of an E. coli pnp strain are different from those of its parent strain (39, 56) . These differences lead to a general fitness defect and are responsible for the range of phenotypes associated with a pnp mutant. We confirmed an increased sensitivity to the antibiotics chloramphenicol (data not shown) and erythromycin (Table 6) (38) . In addition, we also determined that the Keio pnp strain is more sensitive to carbenicillin, nalidixic acid, rifampin, and colistin (data not shown).
We observed for the first time that the Keio pnp mutant strain is more resistant to DCS. How increased DCS resistance is conferred by the Keio pnp strain is unknown at this time. Due to the observed alterations in mRNA abundance and stability in an E. coli K-12 pnp strain, we hypothesize that the altered mRNA abundance and stability results in an increase in the expression of one or more of the DCS-sensitive enzymes (i.e., alanine racemase and D-alanine ligase). This hypothesis is supported by multiple studies that show that the overexpression of alanine racemase and/or Dalanine ligase in E. coli (59) , Streptococcus challis (3), and Mycobacterium smegmatis (59, 60) results in an increased DCS resistance. Alternatively, the altered mRNA abundance and stability may lead to a decrease in expression of DCS transporters, thus increasing resistance.
Ubiquinone, also called coenzyme Q, is an isoprenoid quinone that acts as an electron carrier in the aerobic respiratory chain. We identified several ubiquinone synthetic mutant strains (mutated in ubiE, ubiF, ubiG, ubiH, or ubiX) in our screening of the Keio collection for DCS-resistant strains (Table 5 ). The ubiE gene also participates in menaquinone synthesis. It should be noted that ubiA, ubiB, and ubiD mutant strains were not present in the version of the Keio collection used in our screen. These genes are also involved in the synthesis of ubiquinone, and whether ubiA, ubiB, and ubiD mutant strains would display an increased resistance to DCS remains to be determined.
E. coli ubi mutant strains display resistance to multiple antibiotics. K-12 ubiA and ubiD mutants were identified in the characterization of resistance to the antibiotics phleomycin and bleomycin (61) . An E. coli K-12 ubiF mutant was isolated in a screen for resistance to the aminoglycoside streptomycin (62) . This mutant strain displayed an increased resistance not only to streptomycin but also to other aminoglycosides, including gentamicin, kanamycin, and neomycin. Aminoglycoside transport experiments determined that resistance is partially dependent upon proton-motive force (PMF). A decrease in the PMF potential results in a decrease in aminoglycoside uptake and an increase in resistance (62) (63) (64) (65) . The identification of multiple ubi mutant strains in this study suggests that a fully functioning aerobic respiratory chain is necessary for DCS uptake and sensitivity.
In addition to the primary mode of action displayed by bactericidal antibiotics, they also contribute to cell death through a common free radical-based mechanism that results in damage to proteins, membrane lipids, and DNA (66) . Bactericidal antibiotics hyperactivate the electron transport chain, which results in a transient NADH depletion and the formation of superoxide. The increased superoxide damages iron-sulfur clusters, generating ferrous iron, which participates in hydroxyl radical formation via the Fenton reaction (66) . Since DCS is a bactericidal antibiotic and a fully functioning respiratory chain is necessary for increased DCS sensitivity, hydroxyl radical damage induced by DCS may also contribute to cell death.
The dadA gene encodes a membrane-bound D-amino acid dehydrogenase capable of the oxidative deamination of a broad spectrum of D-amino acids with its highest affinity toward D-alanine (40, 41, 67) . DadA is an iron-sulfur flavoprotein capable of donating electrons directly to the electron transport chain via ubiquinone (68) . DadA gives E. coli strains the ability to utilize D-alanine as a sole carbon, nitrogen, and energy source (69) .
The DCS-D-alanine competition experiments, performed via the D-alanine dehydrogenase assay (Fig. 2) , showed that an increased DCS concentration resulted in a decrease in D-alanine degradation by DadA. Two sources of intracellular D-alanine are the conversion of L-alanine to D-alanine by the alanine racemases and the recycling of the D-alanine-containing peptidoglycan stem peptide during peptidoglycan metabolism (70, 71) . If DCS truly inhibits DadA activity, these two sources of D-alanine would lead to an increase in the intracellular D-alanine concentration. This increased intracellular D-alanine concentration should make it more difficult for DCS to compete for not only DadA activity but also its enzyme targets (alanine racemases and D-alanine ligases), negating DCS's inhibitory properties. These data suggest that DCS does not inhibit DadA activity but instead is a DadA substrate that can antagonize DadA for D-alanine degradation.
The DCS resistance displayed by a dadA mutant may be the result of its inability to modify DCS into a more potent form via DadA. DadA has been shown to convert D-chloroalanine to ␤-chloropyruvate, which inhibits alanine racemase activity (72, 73) . In addition, ␤-chloropyruvate inhibits solute transport in E. coli by a process that has not been fully characterized, but the strong alkylating properties of this molecule are believed to be responsible for this effect (73) (74) (75) . Whether DadA modifies DCS into a more potent antibiotic remains to be determined.
Interestingly, there is a potential metabolic connection between the DCS resistance displayed by the ubi and dadA mutants. DadA donates electrons to ubiquinone in the process of metabolizing its substrates (68) . The absence of a fully functional electron transport chain results in a decrease in DadA activity (68, 69) . If DCS is modified by DadA, resulting in a more potent antibiotic, the decrease in DadA activity would result in less DCS conversion and an increase in resistance. These data support the hypothesis that DCS is modified to a more potent form via DadA.
We were unable to identify a third mutation in 453 responsible for the higher DCS resistance of this strain when grown in a minimal glycerol medium. Screening of the 453 strain for phenotypes associated with the seven Keio DCS-resistant mutants failed to identify an additional mutation in this strain. Sequence analysis of the genes (ddlA, ddlB, dadX, and alr) and their promoter regions that encode known DCS targets also failed to identify a mutation. Recently, Pathania et al. determined that E. coli strains that contain ftsA or yadR on a high-copy-number plasmid possess a 16-fold increased DCS resistance (76) . Their study was the first study to associate these genes with an increase in DCS resistance in E. coli. DNA sequence analysis of the ftsA and yadR genes and their promoter regions in 453 were not performed in our study.
The data presented in this study suggest that DCS has additional enzyme targets and a previously unknown mechanism of transport. Even though DCS is toxic to humans, the identification of new enzyme targets could encourage the development of less toxic D-cycloserine derivatives or entirely new antibiotics and aid in the treatment of antibiotic-resistant pathogens.
